Functional loads on an organ induce tissue adaptations by converting mechanical energy into chemical energy at a celllevel. The transducing capacity of cells alters physico-chemical properties of tissues, developing a positive feedback commonly recognized as the form-function relationship. In this study, organ and tissue adaptations were mapped in the bone-tooth complex by identifying and correlating biomolecular expressions to physico-chemical properties in rats from 1.5 to 15 months. However, future research using hard and soft chow over relevant age groups would decouple the function related effects from aging affects. Progressive curvature in the distal root with increased root resorption was observed using micro X-ray computed tomography. Resorption was correlated to the increased activity of multinucleated osteoclasts on the distal side of the molars until 6 months using tartrate resistant acid phosphatase (TRAP). Interestingly, mononucleated TRAP positive cells within PDL vasculature were observed in older rats. Higher levels of glycosaminoglycans were identified at PDL-bone and PDL-cementum entheses using alcian blue stain. Decreasing biochemical gradients from coronal to apical zones, specifically biomolecules that can induce osteogenic (biglycan) and fibrogenic (fibromodulin, decorin) phenotypes, and PDL-specific negative regulator of mineralization (asporin) were observed using immunohistochemistry. Heterogeneous distribution of Ca and P in alveolar bone, and relatively lower contents at the entheses, were observed using energy dispersive X-ray analysis. No correlation between age and microhardness of alveolar bone (0.760.1 to 0.960.2 GPa) and cementum (0.660.1 to 0.860.3 GPa) was observed using a microindenter. However, hardness of cementum and alveolar bone at any given age were significantly different (P,0.05). These observations should be taken into account as baseline parameters, during development (1.5 to 4 months), growth (4 to 10 months), followed by a senescent phase (10 to 15 months), from which deviations due to experimentally induced perturbations can be effectively investigated. 
Introduction
The change in morphology or form of an organ throughout development, growth, and senescent phases of an organism, is mediated by genetic and epigenetic factors [1, 2, 3, 4, 5] . The inherited genetic influences dominate morphogenesis in prefunction, which then become basal to the epigenetic factors (for e.g. functional loads) that mediate organ adaptation over a prolonged time [5] . Prolonged time alters form-function behavior due to load-related changes at an organ level and strain-related events at a cellular level.
Cellular events are identified through genetic and protein expressions, which in turn promote physico-chemical changes in tissues. Physico-chemical changes include mineral formation or resorption, changes in elemental composition, and mechanical resistance of extracellular matrices of tissues. Collectively, these processes occur in several adjoining tissues of the load bearing joint and play a key role in maintaining its functional efficiency.
Hence, over prolonged time, tissues adapt to functional demands to maintain mechanical efficiency of an organ [5, 6] . However, adaptation over prolonged time also includes effects due to physiological aging of an organism. Acknowledging that aging is a science in and of itself, we present in this study the specific changes in biochemical and physico-chemical properties of the bone-tooth complex in younger, middle-aged, and older rats. This allows us to better understand the rat periodontium and its appropriateness as an animal model for various applications.
The bone-tooth organ in rats is extensively used as a model system to study the effects of various external perturbations, which include extraneous loads and disease states [7, 8] . Systematic studies [9] at the cell, tissue, and organ levels [10] continue to be performed on rats because of the limited availability of whole human bone-tooth complexes. Examples include but are not limited to periodontal diseases (gingivitis, periodontitis) [11, 12, 13, 14, 15, 16, 17] and load-mediated effects (traumatic loads using orthodontic braces [7, 18] , over load using hyper-occlusion [19] and disuse using hypo-occlusion [20] , which parallel skeletal bone adaptation [21] . Despite all these studies, few age-related studies exist on the bone-tooth complex in humans or other model organisms [22, 23, 24] . Selection of appropriate animal age groups is imperative, as it plays an underlying role when investigating effects of experimental variables. This is because the effect of an experimental variable could be compounded or masked by innate age-related changes (i.e. injury in younger developing patients form minimal scar tissue, in contrast to the more extensive scar tissue formation in older patients). While younger animal models may still be undergoing the complex processes of development and maturation, those in the senescent phase may already be compromised by age associated diseases [25, 26] .
Age-related differences can also be translated into biochemical and physico-chemical changes, critical to accurate interpretation of experimental factors. These changes in part could be due to the varying response of the mechanosensory system and/or hormonal influences, both of which alter the mechanical efficiency of muscle, bone, and their respective interfaces [27] . There is evidence supporting the loss of functional efficiency in a joint with age due to an innate decrease in metabolic rate of cells within mineralized and soft tissues, as well as the soft-hard and hard-hard tissue interfaces [28, 29, 30, 31, 32, 33] . To understand function-related changes, time-related functional adaptation of bone was intelligently delineated as modeling, compared to the innate remodeling [34, 35, 36] of tissues. Modeling dominates in growing rats, where gains in bone formation, strength, and mass were observed due to the dominance of muscle mass in shaping bone as functional units. However, from adulthood (i.e. load-bearing organs well into function), extraneous loads and significant deviations from physiological threshold limits could affect the form or shape of load bearing functional units [37] . Age-related changes in organ biomechanics, were related to the changes in PDL mechanical properties, turnover rate, PDL-width and density [38] , along with increased cementum apposition [39] . However, the common denominator for all developed periodontal tissues is functional load. As a result, the rate of change in functional loads with age can alter the rate of mechanobiological events with age [40, 41] . These mechanobiological events could manifest as biophysical changes within the load bearing bone, cementum and PDL in rats [42, 43] .
Markers to identify physico-chemical changes in load bearing tissues include varying distribution and relative contents of inorganic and organic constituents, as well as their resulting mechanical properties. It is well known that across mammalian species, the inorganic constituents in various forms of apatite [44, 45, 46] and organic constituents [47] , such as proteoglycans (PGs), other noncollagenous proteins, and collagen, together affect tissue and interface mechanics [24, 48] . Low and high molecular weight glycosaminoglycan (GAG) contents associated with small and large proteoglycans (PGs) were observed to decrease with age in the human periodontium [49] , joint articular discs [50] , bone [51] , and cartilage [52] . In the rat, the amount of PGs decrease in the temporomandibular joint [53] , brain [54] , and skin [55] , with no studies to our knowledge on the rat periodontium. A disproportionate amount of studies continue to be focused on the effects of disease and/or loading of the periodontium, but lack information on age-related changes in structure, chemical composition, and mechanical properties, all of which maintain the load bearing function of the periodontium [16, 23, 56, 57, 58, 59] . The importance of mapping changes in tissues and organs with respect to time/age addresses the fact that the transducing capacity of cells alters the load bearing nature of tissues, developing a positive feedback, commonly recognized as the form-function relationship of an organ.
This investigation provides various insights at organ and tissue levels of a bone-tooth complex in animal models (i.e. the Sprague Dawley rat) with an increase in age. Specifically, three factors were considered: 1) the ongoing basal adaptation maintaining the toothbone complex, 2) changes inherent to the process of aging (providing a timeline from development, growth, through senescence) and 3) identification by mapping changes in biochemical and physico-chemical properties. The innate changes in tissues and organs need to be understood so that meaningful experimental results can be efficiently and accurately extrapolated to intended clinical problems. The results of this investigation set the stage for future studies on distinguishing age-related effects from function-related effects. Function-related effects can be better understood by correlating protein expressions and tissue related physico-chemical changes modulated by diet stiffness [42] .
Results

Occlusal Wear and Morphology of the Root
Light micrographs complemented by micro x-ray computed tomography (MicroXCT) volumetric reconstructions ( Fig. 1 and Fig. S2 ) illustrated structural changes in molars as rats aged. Although in occlusal function by 1.5 months, complete development marked by a closed root apex was not noted until the 4 month time point. From a functional perspective, occlusal wear preceded and continued after complete root formation, which occurred within the 1.5 to 4 month window (Fig. S2 ). In the reconstructed tomographs, the occlusal surfaces were designated as blue for wear and red for regions of highest contact. Similarly, cratered root surfaces were designated red to represent the density of root resorption. Morphology changes with age were confirmed by an increase in the size of the mandible (Fig. S1 ) [60] and dentition [61, 62] , but more interestingly by the mesial curving of the roots caused primarily by secondary cementum apposition (Fig. 1) . Root morphology was characterized by the shape and overall root angle with respect to the occlusal plane. Roots in 1.5 month old rats were straight compared to 4 month old rats with mesial curving, and by 10 months the roots assumed a ''J'' shape ( Fig. 1 and Fig. S2 ).
Structural Evaluation of the Bone-PDL-cementum Complex
The measured structural parameters were i) cementoenamel junction-alveolar bone crest (CEJ-ABC) distance and the radial widths of ii) primary cementum (PC), iii) secondary cementum (SC), iv) periodontal ligament space adjoining primary cementum (PDL-PC), v) periodontal ligament space adjoining secondary cementum (PDL-SC) (Fig. 2a) . The CEJ-ABC distance increased with age (Figs. 1, 2b) , a measure of decreasing bone height. Another observation was the loss of CEJ (Fig. 1 ) around 6 months in the form of a butt joint and the appearance of a gap CEJ [15, 63] with further increase in age. Consistent with other observations [60, 61, 62] , increasing cementum apposition, measured as radial width, particularly in SC was noted in rats from 14 to 500 days, (Fig. 2c) . While PC spanned the majority of the coronal length in younger age groups, increasing SC deposition spanned the root length with age. Overall PDL-space demonstrated a gradual decrease after 1.5 months and an increase around 10 and 12 months (Fig. 2c ). Significant differences (ANOVA P,0.05) in coronal PDL-PC width were observed until 10 months, while apical PDL-SC width differed significantly at 1.5 and 15 months (Fig. 2c) . Cement lines in bone of younger rats were observed more on the distal side, but became increasingly prominent on the mesial side with age (data not shown).
TRAP Histochemistry for Clastic Activity of Bone and Cementum
Bone, PDL and cementum within the complex form a continuum through interfaces, although often considered as discrete tissues. Resorption at the PDL-bone and PDL-cementum attachment sites was identified in all age groups with tartrate resistant acid phosphatase (TRAP) staining for positive mineral resorption cells on soft-hard interfaces observed on all molars (Figs. 1, 3) . Quantification of TRAP positive cells confirmed distal preference. Mesial and distal sides were comparable in active resorption only in older 12-15 month age groups (Figs. 3c, 3d ). Based on TRAP staining, PDL-cementum resorption was less frequent relative to that of PDL-bone resorption, but was observed in younger 1.5, 4, and 6 month old rats. Overall TRAP positive activity declined in staining intensity and number with age (Figs. 3a, 3b, Figs. S1, S2 ). Young rats exhibited multinucleated TRAP positive osteoclasts, whereas old rats predominantly contained mononucleated TRAP positive cells. Mononucleated TRAP positive cells were observed at the soft-hard tissue interfaces as well as endosteal and marrow spaces in interradicular and apical bone, including the PDL-space (Figs. 1, indicated by black arrows in 3a, 3b, Fig. S3 ). TRAP positive clastic activity was complemented by resorption pits observed in tomographies of the adjoining root surfaces (Fig. 1, Fig. S2 ). The complementary information supports preference of distal apical root resorption and diminishing region specificity with age.
Alcian Blue Staining for High and Low Molecular Weight Proteoglycans
Localization of alcian blue (Fig. 4) opposes TRAP positive staining (Figs. 1 and 3 ) in the younger 1.5 month age group. Alcian blue was consistently observed on the PDL-bone enthesis of the mesial and interradicular surfaces of the roots in younger rats Morphological changes were observed in histological sections and confirmed in three dimensional space using a MicroXCT (shown in insets comparing occlusal, distal, and mesial surfaces). The distal preference of TRAP positive cells and progressive mesial curving were observed. Anatomical structures include enamel space (ES), dentin (D), periodontal ligament (PDL), alveolar bone (AB), and secondary cementum (SC). TRAP stained micrographs at 4X magnification show first molar distal roots decreasing in osteoclast intensity and frequency with age. Representative coronal and apical TRAP positive areas in the encircled regions are enlarged in Figure 3 . With age, a transition from CEJ to DGJ (demarcated by white asterisk) and increasing recession (CEJ-ABC distance represented by distance between dashed red lines) were observed. Scale bar = 1 millimeter. CEJ: cementoenamel junction; DGJ: dentin gingival junction; ABC: alveolar bone crest. doi:10.1371/journal.pone.0035980.g001 (Fig. 4a , black arrows) with minimal stain at the distal PDL-bone complex. With age, alcian blue was predominantly found in the PDL-cementum entheses of the mesial, coronal, and interradicular root surfaces (Fig. 4b) . Regardless of age, alcian blue staining was consistently found around the osteocytes in the alveolar bone, precementum (Fig. 4a , white arrows) and cementum dentin junction (Fig. 4a, asterisks) . Increasing intensity of alcian blue stain in the younger groups (growth phase), decreasing intensity in the older groups (senescent phase), and no coronal-apical patterns were observed. Staining was also observed in dentin (mantle dentin, predentin), closest to the occlusal surface (not shown).
Immunostaining for SLRPs
Immunohistochemistry located biglycan (BGN), decorin (DCN), fibromodulin (FMOD), and asporin (ASPN) coronally, apically, and at the enthesis regions of PDL-cementum and PDL-bone ( Fig. 5 ) with increasing age. Biglycan, decorin (Class I SLRPs), and fibromodulin (a Class II SLRP) were consistently located at these soft-hard interfaces, endosteal spaces, and vasculature independent of age. The exception was asporin, a leucine rich protein with a unique aspartate-rich N-terminus that is not a proteoglycan (PG) [64] , and was confirmed to be specific to PDL in rats. A localization gradient in all SLRPs was observed with higher concentrations coronally relative to apical regions in both distal and mesial sides of all specimens in all age groups (Fig. 5b) . Immunostaining for SLRPs other than asporin was also observed at the precementum layers (black arrow heads, inset in Fig. 5a ), CDJ (black arrows in inset, Fig. 5a ), predentin, and the transseptal fibers (asterisk, Fig. 5a ) between any two molars. Shown in Figure 5a is immunostaining for BGN, which was observed to localize at the mesial side of the root across all age groups.
Scanning Electron Microscope
Back scattered electron mapping [65] on rat molars across age illustrated increased distribution of lighter and darker gray regions indicating heterogeneity owing to distributions of higher and lower atomic number (Z) elements in the alveolar bone of older rats (Figs. 6a, 6b). Observations were confirmed by point analyses using EDS elemental mapping of relative counts of calcium and phosphate, in which all age groups consistently demonstrated calcium and phosphate Ka1, Ka2, and Kb1 lines in lighter areas (higher average Z; HZ in Figs. 6a and 6b) compared to corresponding lines in the darker areas (lower average Z; LZ in Figs. 6a and 6b) areas. EDS analyses demonstrated higher counts of Ca and P in more mature and lighter layers of bone compared to newly laid bone near resorbed sites at PDL-bone enthesis (Fig. 6b) . Standard SE images illustrated resorption sites with the presence of collagen fibers inserting on the distal side of bone at the PDL-bone enthesis (Figs. 6c, 6d, 6e) and into dentin at the tooth side.
Microhardness (see Appendix S1)
The Box-Tidwell non-linearity test [66] and linear regression test for association of mineral tissue hardness (cementum and bone; dependent variables) with age (independent variable) conducted via Statistics Online Computational Resource (SOCR) (http://www.socr.ucla.edu/) did not show a significant non-linear relationship between age and hardness of secondary cementum or alveolar bone (both P = 0.94). This implies that neither the hardness of bone nor that of cementum was non-linearly related to age of the organism. The linear regression test did not show a significant linear relationship between microhardness and age (both P.0.46). Similarly the ANCOVA test of differences in material hardness (secondary cementum and alveolar bone) and age concluded no significant relationship (P of age = 0.194). However, a significant relationship between material and hardness (P of material = 0.007) at a specific age group was demonstrated, with point estimate of the difference of hardness = 20.105 and 95% confidence of 20.163 to 20.046. However this relationship was not modified by age (P of age*material = 0.880).
Discussion
This is the first cross-sectional study to map function related changes in structure, (bio)chemical composition, and mechanical properties, from which differential changes due to experimentally induced perturbations can be optimally addressed. The results of this study are discussed giving due consideration to Wolff's Law, continuous occlusal wear, and natural distal drift of rat molars [7, 8, 60, 62, 67, 68, 69] . Based on our observations, we speculate that each tissue's functional response is unique and the synchronization of individual physical and chemical properties could explain functional maintenance of the bone-PDL-cementum complex at an organ level.
Physical Changes at an Organ and Tissue Levels: MicroXCT and Histomorphometry
Macroscale changes due to overall growth of a root and adjacent bone adaptation within the bone-tooth fibrous joint Figure 3 . Regions of osteoclastic activity with age. Enlarged at 40X from encircled areas in Figure 1 , TRAP localization is demonstrated across all age groups in a) coronal and b) apical regions. In young rats, resorption activity is represented by robust multinucleated pits (red staining) surrounded by several dark purple nuclei. In older rats mononucleated pits predominated with decreased intensity of red stain. Scale bar = 150 mm. Results show osteoclastic activity declined with increasing age in c) distal regions and d) increased in mesial regions. doi:10.1371/journal.pone.0035980.g003 (Fig. 1, Fig. S2 ) were illustrated using MicroXCT. These changes can be related to functional loads, which act as stimuli to cells within various tissues and interfaces. Upon loading, molars pivot about the interradicular bone, which is considered as the natural fulcrum [70] . Age-related changes in muscle efficiency and occlusion [71] result in different chewing forces [72] over time. As a result, functional loads alone can cause tension, compression, shear and related mechanical strains within the fibrous matrix between the bone and tooth. The effect of matrix-related strains [21, 73, 74, 75] , and fluid flow (blood and interstitial fluid) [86, 87] can be traced to changes in gene expressions of stem cells within the marrow space of the alveolar bone and blood vessels of the PDL. A good example is the origin of RANKL, a molecule involved in osteoclastogenesis, which can be traced from the vascularized PDL to bone marrow space containing stromal and hematopoietic stem cells [21, 73] . As a result, histomorphometric changes of load-bearing tissues with time included increased radial width of cementum and increased bone recession (measured as the vertical distance between the CEJ and the ABC) (Fig. 2c) . Observed trends are reflective of bone ''carving,'' which would conceivably be due to functional adaptation [76, 77] and in turn could alter tooth attachment (Fig. 2b) to bone (Fig. 6 ) to preserve optimal function space. Although age-related increases in cementum width and decreases in PDL-space were observed (Fig. 2) , the combined radial widths of SC and PDL-SC remained a constant in younger rats 1.5 to 6 months and in older rats 12 to 15 months (ANOVA P#0.05). The functional role of SC and PDL in load adaptation [15] provide the basis for considering the coupled PDL-cementum thickness in cooperative maintenance of the dynamic complex. Localized remodeling of bone is thought to dominate and allows for the uniform size increases in the growing periodontium between 1.5 to 4 months. When in function, modeling becomes more prevalent with complete secondary cementum formation and apposition from 4 to 15 months, simultaneously carving bone equivalent to tooth morphology as a result of functional stimuli.
Changes in function can be identified as compromised PDL attachment and closing of endosteal spaces in rats 12 to 15 months of age (Figs. 1, 3, 4) . Generally, cement lines in bone increased, exhibiting a dominant lamellar-like pattern around endosteal and Figure 4 . Localization of sulfated GAGs using alcian blue stain. a) Light micrographs at 10X of alcian blue with nuclear fast red counterstain indicates more sulfated GAGs on the mesial aspect as indicated by black arrows (shown here in a 1.5 month old rat), as well as around osteocytes in the alveolar bone, precementum (white arrows) and cementum dentin junction (white asterisks). We also observed staining to occur in dentin. Scale bars = 500 mm. b) Corresponding age-related changes at interradicular, coronal-apical, and mesial-distal entheses regions showed decreased alcian blue staining and lost mesial specificity with age (black arrows). Scale bars = 100 mm. doi:10.1371/journal.pone.0035980.g004 marrow spaces with age. The observed patterns can be associated with remodeling related events, which were identified in endocortical and marrow regions in aging rats [78] . Based on narrowing endosteal spaces in aging rats, it is plausible that changes in PDL-width, bone and root surface are related to changes in blood flow, supply of nutrients, and chemotactic factors responsible for turnover of tissues. Shaping of the alveolar socket or modeling at endocortical and marrow regions, compromised turnover rate of the PDL in aging rats [78, 79] , including changes in PDL-width, suggests the deterioration of PDL's mechanical integrity. However, it should be noted that observed increases in bone recession could be due to several factors. These include natural hair and food impaction, which stimulate local inflammation and bone recession. Conversely, heightened reception to hormones during the period of social maturation at 6 and 10 months (Fig. 2b) have been associated with a bone protective effect due to anabolic increases in rats at 4 months, with stabilization by 5-9 months [80] .
Bone ''carving'' and resulting form of the socket, is functionally stimulated by clastic and blastic activities within the bony socket in which the tooth is suspended. Function related stimulation promotes bone modeling in addition to the physiological remodeling that is innate to most tissues within an organ [21, 36, 81] . This phenomena can be captured in the lifetime process of distal tooth-drift [67] , and when combined with function, imposes a continuous tension-based mesial complex and a compression-based distal complex. Pre-strained functional complexes cause mineral formation on the mesial side in tension and mineral resorption on the distal side in compression. The mesial apposition of mineral, marked as stratified growth, and distal resorption of mineral, identified by its pitted border, continue to be illustrated through fluorochrome and TRAP Figure 5 . Immunohistochemical staining for identification of SLRPs. a) Light micrograph at 10X using immunohistochemical methods shows representative localization of SLRPs (biglycan expression in a 6 month old rat) counterstained with hematoxylin. Black arrows indicate localization at mesial PDL-bone enthesis spanning the root length as well as the coronal predominance. In addition localization was also observed in precementum layers (black arrow heads, in Fig. 5a ) and at the CDJ (black arrow in inset, Fig. 5a ), predentin, and the transseptal fibers (asterisk, Fig. 5a ) between any two molars. Scale bars = 500 mm. b) Serially sectioned 60X light micrographs show immunohistochemical localization of SLRPs: biglycan (BGN), decorin (DCN), fibromodulin (FMOD), asporin (ASP), and negative controls (NC). Localization indicates more intense staining in coronal regions relative to apical regions across all age groups. All micrographs indicate regions where PDL meets primary bone (B) and primary cementum (PC) or secondary cementum (SC), with adjacent dentin (D). All Scale bars = 100 mm. doi:10.1371/journal.pone.0035980.g005 analyses [23] . As previously delineated, our TRAP analysis embraces this logic appropriately, and can be seen as distal osteoclastic preference in regions of compression (Figs. 1, 3c, 3d,  Fig. S2 ). However, with increasing age, no particular preference was observed with the distal resorption compared to that of the mesial formation (Figs. 3c, 3d ). This observation can be argued with the predominance of mononucleated TRAP positive cells within PDL-space (Fig. 3a, 3b) , indicative of a decline in osteoclastic maturation with age [82, 83] . The avb3 integrin and vitronectin receptor, commonly expressed in platelets, has been implicated in successful fusion of mononucleated osteoclastic precursors [84] . Additionally, increased formation of advanced glycation end-products with age interferes with the integrin binding RGD sequence [85] . This, in addition to the narrowing of blood vessels and endosteal spaces, could explain the compromised mechanotransduction and the subsequent lack of cell-matrix interactions to promote maturation of a mononucleated osteoclast to a multinucleated osteoclast with age. Additionally, it is important to note that the varying numbers of mononucleated osteoclasts within the PDL support the theory of their hematopoetic origin and possibly reflect upon their declining presence and ability to migrate from the vasculature within PDL and bone with age.
Biochemical Changes at the Soft-hard Interface Levels in a Pre-strained Complex
It is proposed that formation and resorption related effects identified at the mesial and distal complexes are prompted by cellular activity equivalent to tension-and compression-strain gradients within respective complexes and at the soft-hard tissue interfaces. Mineral formation in a bone-tooth complex can be first identified at the osteoid and the precementum layers. However, based on our results, formation does not only occur at the interfaces. Mineral resorption related events also occur, but more specifically at the distal side complex. To better understand events responsible for formation and resorption of bone and cementum the localization of load resisting and dampening biochemical molecules, namely the higher molecular weight PGs using alcian blue, and lower molecular weights (i.e. SLRPs) using immunohistochemistry, were targeted. It is known that PGs in general are also Figure 6 . Elemental mapping using BSE and EDS. a) SEM in BSE mode indicated distribution of high and low Z elements of the periodontium. Scale Bar = 0.5 mm. b) Using SEM-BSE greatest heterogeneity is observed in the different layers of bone owing to different chemical compositions of bone during its turnover (i.e. remodeling or modeling). Scale Bar = 100 mm. Representative point shoot EDS demonstrate varying counts of Ca and P (Ka1, Ka2, and Kb1 lines) within adjacent regions. SE mode indicates at length scales c) the enthesis region of PDL-bone with scale bar = 100 mm, d) the site of a resorption pit, which indicate the digested layers of bone with scale bar = 5 mm, and e) the exposed collagen fibers that help compose a mineralized matrix with scale bar = 4 mm. doi:10.1371/journal.pone.0035980.g006 responsible for water retention, fibrillogenesis, and the maintenance of tissue architecture and strain relieving properties (i.e. the scaffold upon which cell migration and mineralization occurs) [86] . Specifically, we identified PGs at the mesial and distal sites within the dynamic bone-tooth complex.
Biomolecules are also chemotactic agents that facilitate durotaxis, the stiffness dependent migration of cells [87] . The location and intensity of these biomolecules during development is dictated by genetic inheritance, but is predominantly governed by function when in growth. Regardless, in both development and growth, PGs are responsible for maintaining the organic matrix upon which mineral formation or resorption can occur. Moreover, this implies that in compressed regions, mineral resorbing molecules would be more dominant (Fig. 1) , in contrast to tension regions that would contain more mineral forming molecules (Fig. 4a) . In this study, biochemical events were mapped at a macroscale using alcian blue (Fig. 4) and more locally by identifying SLRP localization (Fig. 5) . Interestingly, alcian blue stained sulfated GAGs were identified in newly formed bone sites (i.e. mesial trailing edge compared to the distal leading edge), as confirmed by others [88] . We also observed increasing gradients of sulfated GAGs on the mesial sides of PDL-bone and PDL-cementum sites, as indicated by alcian blue stains at these respective regions (Fig. 4) . We observed GAG localization in regions of decreased osteoclastic activity by correlating alcian blue stain with TRAP positive stain (Figs. 3 and 4) . With age, an increase in GAG localization was observed at PDL-PC, while decreases at PDL-SC and PDLbone occurred until distal-mesial regions became comparable (Fig. 4) . We hypothesize that these localizations can be related to increased tensile strains in the coronal portion of the bone-PDL-cementum complex and at the attachment sites. Increased strains can be attributed to changes in organic to inorganic ratios as a result of function related active mineral formation and resorption in bone and cementum with age [89] . Higher levels of tenascin and fibronectin, including other SLRPs noted in our study [89, 90, 91] , were also identified at the attachment sites. Asporin was observed only within PDL, marking its innate nonmineralizing phenotype in maintaining the functional space necessary for adequate range of tooth motion within the bony socket. From these results it is conceivable, that should functional loads vary as a result of therapy (an alteration of compression and tension sites within the bone-tooth complex via orthodontics braces) [92] , the generation of grossly altered biomolecules with mineralizing phenotypes (ankylosis) and mineral resorbing phenotypes are possible [93, 94, 95, 96] . An analog in orthopedics is the age associated loss of cartilage and joint mobility under osteoarthritic conditions that are associated with decreases in asporin [97] and other proteoglycans. Other analogs include distraction osteogenesis, in which bone formation is stimulated through unidirectional forces on excised bone. These observations suggest that the synergistic nature of PGs on tension and compression-based matrices permit mineral formation or resorption related events due to function and is not limited solely to heredity. Additionally, these biochemical events could occur concomitantly, as seen by coronal-apical gradients and specifically at the attachment sites of PDL-bone and PDLcementum, resulting in mineralization fronts as osteoid or precementum layers at the soft-hard tissue borders.
Physical and Chemical Changes using SEM-BSE-EDS
Newly formed layers of bone (i.e. mineralizing osteoid and precementum) contained lower counts of calcium (Ca) and phosphorus (P) compared to the older layers of bone [98] (Fig. 6) .
Formation of mineral on and at the strained attachment sites is a complex and systematic process, some of which can be marked by speciation of phosphate groups. This is because the phosphate (PO 4 32 ) to pyrophosphate (P 2 O 7 42 ) ionic ratio increases as physiological aging progresses [99, 100, 101] . Modeling and/or remodeling related biomineralization events can also be mapped using SEM in backscattered electron [65] mode, along with electron dispersion X-ray spectroscopy (EDS). In this study we used complementary techniques of BSE and EDS to identify higher and lower Z elements within the dynamic tissue, bone, and less dynamic, cementum (Fig. 6) [102] . Lower Ca and P in the new bone compared to older bone at sites of modeling (Fig. 5) were observed. Despite the observed heterogeneity in bone regardless of age, it is important to note that differences in younger groups may be more related to inherited genetic factors (i.e. 1.5 monthswhich is closer still to development), and this most often is marked by the hypertrophic growth of cells indicated by higher metabolic activity [103] .
Beyond the ongoing development in the 1.5 month age group, the increased heterogeneity observed in bone from 4 to 15 months could be due to functional loads. Moreover, growth related distal drift is dependent on functional loads (a decrease in rate of distal drift identified by lack of functional loads) [20, 68, 104, 105] . As a result, we observed an increase in the number of ''patchy areas'' in bone, which could be due to increased differences in Ca and P contents (Figs. 6a, 6b ) as a function of modeling and remodeling related events. This in turn could be necessary to maintain the functional integrity of bone ( Fig. 6b) with age. At the bone-tooth organ level, we observed stratified bone formation parallel to the root length on the tension based mesial complex with lower Z (newer bone). Compression based distal complex, identified as the ''leading'' edge, was observed as higher Z content (older bone) and contained several resorption pits (Fig. 6c) . Interestingly, PDL was attached to bone at these resorption sites, demonstrating no loss of attachment (Figs. 6d, 6e ).
Hardness Changes Using Microindentation
The observed heterogeneity primarily in bone can be correlated to varying contents of Ca, P, and possibly other elements at certain regions, and stages of mineralization, as seen in SEM-BSE-EDS (Fig. 6) . Microindentation was used to estimate hardness values representative of the tissue's bulk properties. Several hierarchical levels of organization and substructures, from crystal formation to crystal alignment within and around the fibril, to the packaging of fibrils into a fiber [45] , can affect mechanical hardness. Interestingly, mechanical testing concluded no correlation between age and microhardness of AB and SC, but microhardness of AB was significantly different from SC (see Appendix S1). Based on these results, it is conceivable that the varying chemical disparities within the patches, number of patches, and the size of patches could provide similar hardness with age. As a result, hardness (H k ) values do not demonstrate the aging of mineralized tissues (Fig. 7) in rats. Without discriminating between new and mature bone, we pooled in the new and old bone hardness values and sampled alveolar bone as one material. Hence, it is likely that the effect of adaptation with age was not seen in hardness measurements. An engineering analogy is that different phases in a metal joined by grain boundaries could contribute to the overall functional integrity of the metal, but each phase has its own characteristic property. In the case of biological materials that are more organic based, microindentation, when conducted under dry (nonphysiological) conditions, could mask some of the innate energy absorbing characteristics of hygroscopic, organic components (i.e. GAGs, collagen) of mineralized tissues. Hence, the observed trends could be true and that only the relative differences between bone and cementum should be considered. For the same reason, a more accurate approximation can be made between AB and SC under wet (hydrated, physiological) conditions. In summary, our results suggest that age-related physiological adaptations in organs should be taken into account, such that their use as a model can be streamlined and the effects of the intended experimental factors are accurately investigated. Specifically, we suggest that hard tissue modeling related studies in rats should not exceed 6 months. With increase in age, the adaptation in each tissue, whether they arise from evolutionarily inherent adaptations, physiological changes due to growth, or natural environmental insults, are accounted for throughout the organ system as a whole. Although each tissue's functional response is unique owing to its characteristic cellular and acellular components, the periodontium inherently adapts as a continuum in a synchronized fashion to maintain function. Despite nature's efficient design of the organ complex and its ability to continually withstand perturbations and functionally perform, the adaptive trend of its component tissues will be critical for future success in biomimetics. However, function-related effects should be decoupled from the effects of aging in future studies by modulating diet stiffness.
Materials and Methods
Ethics Statement
All animal housing, care, euthanasia, and tissue transfer protocols in this study were approved and complied with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of the University of California, San Francisco and the National Institute of Health based on the IACUC Approval Number: AN083692-02.
The functional dentition of rats (1.5 months old, male, Sprague Dawley) [67] were taken as our starting time point, from which differential changes in properties will be discussed to illustrate adaptation. Experiments were performed on male SpragueDawley rats from six age groups: 1.5, 4, 6, 10, 12, and 15 months. Histomorphometry using hematoxylin and eosin (H&E) stained sections, alcian blue staining for sulfated glycosaminoglycans (GAGs), immunohistochemistry for small leucine rich proteins (SLRPs), and tartrate-resistant acid phosphatase (TRAP) [106] for osteoclast resorption was performed with n = 4 rats each from 1.5 to 15 month age groups using serial sections. The corresponding halves of the mandibles were used for microindentation studies. Another set of hemimandibles from all age groups (n = 3) were used for scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and micro X-ray computed tomography (MicroXCT) analyses.
MicroXCT and Image Processing
Left hemimandibles from each age group were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, catalog P6148, St. Louis, MO), stored and imaged in 70% ethanol. Each specimen was scanned (MicroXCT-200, Xradia Inc., Pleasanton, CA) at 4X, 50 KVp, 140 mA, 2100 projections, binning 2, 7 second exposure time, and an angle sweep from -95u to 95u. At this magnification, isotropic voxel sizes were 5.5 mm with an image size of 1012 6 1012 mm. Each tomography was reconstructed using the TXM reconstructor software (Version 7.0.2817, Xradia Inc., Pleasanton, CA) to obtain DICOM image files for 3D image analysis using Visage Imaging Amira 5.3.3 (Visage Imaging, San Diego, California). Using an identical brightness and contrast threshold, root surfaces were constructed using the SurfaceGen module in Amira 5.3.3 (Visage Imaging, San Diego, CA).
Specimen Preparation for Histology
Hemimandibles were stored in 10% neutral buffered formalin for 4 days followed by end-stage decalcification using Cal-EX II decalcifying formalin solution (Fischer Scientific, Fair Lawn, NJ). The specimens were dehydrated with increasing concentrations of Flex 80%, 95%, and 100% alcohol (Richard-Allan Scientific, Kalamazoo, MI) before embedding in paraffin (Tissue Prep-II, Fisher Scientific, Fair Lawn, NJ) [107] . The paraffin blocks were sectioned on a rotary microtome (Reichert-Jung Biocut, Vienna, Austria) using disposable steel blades (TBFTM Inc., Shur/ SharpTM, Fisher Scientific, Fair Lawn, NJ), deparaffinized with xylene, followed by rehydration with decreasing concentrations of 100%, 95%, and 80% Flex alcohols, and then stained with Hematoxylin Gill 3X (Fisher Scientific, Kalamazoo, MI) and Eosin Y Solution (Fisher Scientific, Kalamazoo, MI). For alcian blue and TRAP staining, a slight variation in specimen preparation involved tissue fixation with 4% PFA shaken overnight at room temperature and decalcified for 14 days with 0.5 M EDTA at pH 8.0. The distal root of the first mandibular molar in each rat was evaluated (see supplemental information).
Histomorphometry
Sagittal sections containing the maximum root length illustrating the cementoenamel junction and the pulp through the apical foramen were used for histomorphometry. Light microscopy (BX 51, Olympus America Inc., San Diego, CA), as shown in H&E stained sections of the cementum, PDL-space, and bone height of the first molar distal root complex were measured using Image-Pro Plus v6.0 data acquisition software (Media Cybernetics, Inc., Bethesda, MD). Image-Pro Plus v6.09s magnification/zoom function was utilized to accurately measure the mentioned parameters on the distal side. 20 measurements were taken for parameters along the coronal length of the root (i.e. primary cementum (PC) and PDL-PC), 20 measurements for apical parameters (i.e. secondary cementum (SC) and PDL-SC), and one measurement for the distance between the cementoenamel junction (CEJ) and alveolar bone crest (ABC), as an indicator of bone recession [77, 108, 109, 110] . Thus, a total of 30 cementumwidth and PDL-width respectively, and 1 CEJ-ABC measurements were made around the first molar along the coronal-apical length of the distal root of each specimen. Average measurements in coronal-apical regions of respective tissues for each distal root in each rat were determined. The resulting average values were used to test statistical significance among rat age groups using ANOVA with 95% confidence intervals (P#0.05). Average values and standard deviations representative of each regional tissue for each age group were plotted.
TRAP Histochemistry for Osteoclasts
Deparaffinized serial sections were used for staining TRAP [111] . In brief, the method included treating the rehydrated specimens with 0.2 M acetate buffer, a solution of 0.2 M sodium acetate (Sigma Aldrich, catalog 52889, St. Louis, MO) and sodium tartrate dibasic dehydrate (Sigma Aldrich, catalog T6521, St. Louis, MO). After 20 minute incubation at room temperature, napthol AS-MX phosphate (Sigma, catalog N4875, St. Louis, MO) and fast red TR salt 1,5-napthalenedisulfonate salt (Sigma, F6760, St. Louis, MO) were added, followed by incubation at 37uC for 1 hour, with close monitoring under the microscope after the first half hour for bright red staining of osteoclastic activity. The stained sections were washed in deionized water and counterstained with Gill 3X hematoxylin (Fisher Scientific, Kalamazoo, MI) for subsequent examination under a light microscope. Distal and mesial side osteoclasts were manually counted along a measured PDL-bone and PDL-cementum perimeter using Image-Pro Plus v6.0 data acquisition software and its magnification/zoom function (Media Cybernetics, Inc., Bethesda, MD). Ratios of osteoclast count to perimeter per mesialdistal location [112] , PDL-bone and PDL-cementum interfaces, were calculated across all age groups. These ratios were tested for statistical significance among age groups using ANOVA with 95% confidence intervals (P#0.05). Additionally, average ratios and their standard deviations representative of regional osteoclastic density for each age group were plotted.
Alcian Blue Histochemistry for Sulfated GAGs
Deparrafinized serial sections were rehydrated in distilled water and stained in 1% alcian blue in 0.1 N hydrochloric acid at pH 1.0 for 30 minutes and then briefly rinsed in 0.1 N hydrochloric acid. Counterstaining with nuclear-fast red solution for 5 minutes was performed, followed by washing in distilled water. Dehydration with two changes each of 95% and .99% (absolute) ethyl alcohol, then deparaffinization in xylene was done before mounting the specimens. As a cationic copper containing dye, alcian blue has been widely used to stain the polyanionic sulfated GAGs at pH 1.0 [113] .
Immunohistochemistry for SLRPs
Immunohistochemical localization of different SLRPs, specifically biglycan (BGN), decorin (DCN), fibromodulin (FMOD), and asporin (ASPN) within tissues and at the PDL-bone and PDLcementum attachment sites (entheses) was performed. Followed by the same method for conventional histology, after rehydration of the deparaffinized sections, endogenous peroxidases were deactivated with 80% methanol and 0.6% H 2 O 2 . Further digestion for antigen retrieval was performed using a solution of 1 M Tris pH 7. Scanning electron microscopy (SEM) (Hitachi S-4300SE/N, Hitachi America) was performed to evaluate structural and chemical compositional differences at a tissue level near PDLbone and PDL-cementum attachment sites, and in bone. Following microindentation, three samples each from the six study groups mounted in Buehler Epoxycure Resin (Buehler Ltd., Lake Bluff, IL) with surfaces polished to 1 mm using a diamond polishing suspension were coated with ,25Å thickness gold. Imaging was performed using SEM operating at 10 keV for secondary electron (SE), 10 keV for back-scattered electron, and 15 keV for electron dispersive spectroscopy (EDS) modes. SE was used for evaluation of structure of the bone-tooth complex, while BSE was used for comparing regional variations in atomic number (Z). Areas of lower and higher Z were further explored by point analysis using EDS to compare zones of lower and higher Ca and P contents. Elemental mapping was performed predominantly measuring the Ka1, Ka2, and Kb1 lines of calcium (orbital energy 3691.68, 3688.09, and 4012.7 eV, respectively) and phosphorus (orbital energy 2013.7, 2012.7, and 2139.1 eV, respectively) [114] .
Mechanical Testing
Prior to indentation, hemimandibles (n = 4 per 6 age groups) were embedded in epoxy (Buehler, Lake Bluff, IL) and polished using carbide grit sizes 1200 and 2400 (Buehler Ltd., Lake Bluff, IL) followed by fine polishing using diamond suspension slurries in descending order from 6, 3, 1, to 0.25 mm (Buehler Ltd., Lake Bluff, IL). Microindentation was performed under dry conditions with a microindenter with a Knoop diamond tip (Buehler Ltd., Lake Bluff, IL) using a load of 10 gf, and the long diagonal of each Knoop indent was immediately measured with Image-Pro dataacquisition software (Media Cybernetics, Inc., Bethesda, MD) using a light microscope. The microhardness (H K ) was calculated with the following equation: H K = 0.014229P/D 2 where P is the normal load in Newtons (N) and D (mm) the length of the long diagonal. Multiple rows of radially oriented indents were performed in secondary cementum and alveolar bone with approximately 3-5 indents per row. The distance between any two indents was chosen as per ASTM standards [115] . The mechanical properties of the first molar distal root from all groups were analyzed by first averaging the Knoop hardness values individually of bone and SC per rat. The resulting average values from each rat were used as representative hardness values for each rat within a group. Alveolar bone and SC of the first molar complex in each hemimandible were treated as separate tissues and as such, an average from all the indents of each tissue within each rat was evaluated. The resulting average values for each rat were used to test for statistical significant associations between age and hardness by performing a Box-Tidwell non-linearity test and linear regression test [66] . Additionally, the mean of the average hardness of bone and secondary cementum (representative hardness of bone and cementum in any given age group) was calculated and used to test for significant associations adjusting for age via analysis of covariance (ANCOVA) and simple regression analysis [116] . Figure S1 Gross physical changes in hemimandible and molars with age: TOP: Changes in the growing rat molars from younger rats at 1.5, 4, and 6 months. BOTTOM: Changes in rat molars taken from older rats at 10 and 12 months. Both top and bottom rows have insets illustrating respective hemimandibles. Alignment with centimeter ruler shows in the molar view observable increases in occlusal wear and decreases in bone height with age. In the hemimandible inset view, widening of the first molar crown appears to cease at 0.3 cm at 4 months, while mandibles appear to cease at approximately 3.75 cm in length, around 6 months of age. (TIF) Figure S2 Mesial curving, occlusal wear, and resorption pits with age: MicroXCT reconstructed roots of 1.5, 6, and 12 month first mandibular molars are shown at various buccal, angled, lingual, and occlusal views. Mesial curving becomes prominent at 6 months, as seen in the buccal and angled buccal views. Occlusal wearing is significantly observed with age, especially in the 12 month old molar, as seen in the occlusal view. Buccal and lingual views best demonstrate discrepancies between mesial and distal roots in the first molar. (TIF) Figure S3 Osteoclastic activity with age: Enlarged at 40X from encircled areas in Figure 1 , TRAP localization across all age groups in respective coronal and apical regions is shown. Resorption activity appears to be localized in multinucleated pits as indicated by the red stain surrounding several dark purple nuclei. Osteoclastic activity and multinucleated cells declined with increasing age regardless of region. Scale bar = 150 mm.
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